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The histone octamer from chicken erythrocytes was studied in 2 M NaCl using SM) mHz rH NMR spectroscopy. We compared the spectrum of 
control octamers with that of octamers isolated from trypsinized nucleosome core particles. We observe that the sharp resonances found in the 
spectrum of the native octamer disappear completely after trypsinization. Therefore, within the time frame of the NMR experiment, all of the 
mobile amino acid residues in the histone octamer are found in the well defined trypsin sensitive domains. These results indicate that there is a 
very clear structural demarcation between the random coil N- and C-terminal tails and the globular domains of the histones. 
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1. INTRODUCTION 
The basic repeating structural subunit of eukaryotic 
chromatin is the nucleosome. The typical nucleosome 
consists of about 190-210 bp of DNA wrapped in two 
turns around the histone octamer and sealed off by a 
Hl linker histone. Nuclease digestion of chromatin 
from all eukaryotes yields a very well defined sub- 
nucleosomal particle, the nucleosome core particle, 
which consists of 146 bp of DNA wrapped around the 
histone octamer in 1.7 turns. The histone octamer is an 
assembly of two copies of each of the four core 
histones: H2A, H2B, H3, and H4 [l]. 
Nuclear magnetic resonance (NMR) [2-51 and pro- 
tease digestion (reviewed in [6]) studies of chromatin 
have demonstrated that the core histones are multiple 
domain proteins. All four of the core histones have ran- 
domly coiled, unstructured N-terminal tails and 
globular, structured C-terminal domains. In addition, 
H2A and H3 have short C-terminal tails. Roughly 20% 
of the amino acid residues in the core histones are in the 
unstructured tail regions. Although the structure of the 
nucleosome core particle has been studied by neutron 
scattering [7,8] and X-ray crystallography [9,10], the 
structural and functional significance of the tail regions 
of the histones is still unclear. 
The tails of the histones are of particular interest 
because they include most all of the sites of post- 
translational modifications. Histones are extensively 
and reversibly modified by acetylation, phosphoryla- 
tion, methylation, ADP-ribosylation and ubiquitina- 
tion [ 111. For example, acetylation of the core histones, 
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which occurs exclusively in the N-terminal tails, is 
strongly correlated with many DNA processing events 
such as transcription [ 12,131, DNA synthesis [141, DNA 
repair [15], and spermiogenesis [ 161. However, struc- 
tural studies of control and acetylated chromatin, 
especially at the core particle level, have shown no con- 
vincing structural differences ([ 171, summarized in 
[lfm. 
In an effort to understand more clearly the structural 
distinction between the N-terminal tails and the 
globular domains of the histones, we have studied both 
control and trypsinized histone octamers with 500 mHz 
‘H NMR spectroscopy. We have found a striking struc- 
tural demarcation between the trypsin sensitive tail 
regions and the globular domains in the histone oc- 
tamer. 
2. MATERIALS AND METHODS 
Preparation of chicken erythrocyte core particles: Chicken 
nucleosome core particles were prepared as described elsewhere (191. 
Briefly, chicken erythrocyte nuclei were digested with micrococcal 
nuclease and lysed in EDTA. The solubilized chromatin was depleted 
of Hl and H5 by hydroxyapatite (HAP, Calbiochem, fast-flow) col- 
umn chromatography. The chromatin from the HAP column was 
redigested with micrococcal nuclease, and loaded onto 5-20% sucrose 
gradients. Fractions containing monomer core particles were pooled 
and dialyzed against 10 mM Tris-HCl, pH 7.4, 0.1 mM EDTA, 0.1 
mM PMSF (dialysis buffer). When necessary the core particles were 
concentrated by ultrafiltration. 
Trypsinization of core particles: Nucleosome core particles (2 
mg/ml) were digested with 1 pg/ml trypsin (Sigma, TPCK treated) for 
6.5 h at 4°C. The digestion was stopped by the addition of TLCK 
(Sigma) to a final concentration of 20 rg/ml. The sample was concen- 
trated to 10 mg/ml by ultrafiltration with a Filtron ultraconcentrator 
(MWCO 50K) and loaded onto linear 5-20% sucrose gradients con- 
taining dialysis buffer. The gradients were centrifuged in a Beckman 
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SW 28 rotor for 21 h at 26 000 rpm (4OC). Fractions containing tryp- 
sinized core particles were pooled and dialyzed against dialysis buffer. 
Histone octamer preparation for the NA4R studies: A HAP 
(Calbiochem, fast-flow) packed Omnifit glass column (2 x 15 cm) and 
a Pharmacia FPLC were used to fractionate histone octamers from 
purified core particles. Core particles were loaded onto the HAP col- 
umn pre-equilibrated with 10 mM sodium phosphate, pH 7.2, and 0.1 
mM PMSF. Octamers were duted from the column with 2 M NaCl in 
the same buffer. Octamers were concentrated with a Fihron 
ultraconcentrator (MWCO lOK), and then dialyzed against 2 M 
NaCI, 10 mM Tris, pH 8.0 and 0.1 mM PMSF. The day before the 
NMR experiments the octamers were dialyzed against numerous 
changes of 5 mM ‘HI,-Tris (Merck and Co., St. Louis, MO, USA) pH 
8.0, and 2 M NaCl in ‘HzO. The dialysis buffers also contained 
0.~5~0 RSS (sodium 2,2-dimethyl-2-sila~n~ne-5-sulfonate; M rck 
and Co.) which was included as an internal chemical shift standard. 
AI1 dialysis steps were performed at 4°C. The concentration of oc- 
tamers used in the NMR experiments was 8 mg/ml as determined by 
the absorbance at 277 nm [20]. The histones were analyzed on 17.5% 
SDS polyacrylamide gels for purity. 
500 mHz nuclear magnetic resonance specfroscopy: Fourier 
transformed proton spectra were recorded on a Nicolet 500-mHz 
NMR spectrometer with quadrature detection. The carrier frequency 
was centered on the HOD signal, and 16 384 data points were col- 
lected over a spectral window of * 4000 Hz with a ‘7-ps pulse-width 
and a 1.02 s acquisition time. 400 scans were accumulated with solvent 
suppression by presaturation over a l-s ptdse delay prior to the ac- 
quisition pulse. The samples were maintained at 4°C during the ex- 
periment. Chemical shifts were calculated from the internal standard, 
DSS. 
3. RESULTS AND DISCUSSION 
The histone octamers used in this study were analyz- 
ed on 17.5% SDS gels for the prescence of con- 
taminating proteins and for degradation (Fig. 1). The 
octamers isolated by our purification procedure are vir- 
tually homogeneous. No contaminating non-histone 
proteins can be detected with Coomassie staining. In 
the control octamers, lane 1, the stoi~hiometry of the 
four core histones appears to be equal, and no degrada- 
tion is visible. The octamers isolated from trypsinized 
core particles, lane 2, show a pattern of digestion pro- 
ducts very similar to the pattern that has been previous- 
ly published by other groups 16,211. 
The 500 mHz NMR spectrum of the chicken 
erythrocyte histone octamer in 2 M NaCl is shown in 
Fig. 2A. The histone octamer complex has a combined 
molecular weight of 109 000 daltons. Globular proteins 
of this size generally have large correlation times, small 
Tz, and large Tl NMR relaxation values [22]. All of 
these factors generally lead to line broadening in the 
NMR spectrum. But, the relaxation times of the mobile 
histone tails have previously been shown to be quite dif- 
ferent from the relaxation times of the globular do- 
mains [23,24]. Thus, it is the mobility of the N- and C- 
terminal histone tails which contributes most to the 
sharp resonances een in the NMR spectrum of the oc- 
tamer (Fig. 2A). 
The ‘H NMR spectrum of the histone octamer in 2 M 
NaCl at 270 and 300 mHz has been previously published 
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Fig. 1. 17.5% SDS-polyacrylamide gel of histones used in these 
studies. (Lane 1) Histones isolated from control core particles. (Lane 
2) Histones from trypsinized core particles. 
[2,25]. The release of the histone tails from the DNA in 
nucleosome core particles (between 0.3 and 0.6 M 
NaCl) has also been studied using 270 mHz ‘H NMR 
spectroscopy [2]. The NMR spectrum of the histone oc- 
tamer or the nucleosome core particle in high salt are 
similar, due to the dissociation of the tails from the 
DNA. At 500 mHz, the spectrum of the histone octamer 
(Fig. 2A) is qualitatively similar to the spectrum at 300 
mHz, although all of the resonances are much sharper 
and better defined. In particular, the peaks at 1.2 ppm 
appear as a single peak at 300 mHz, and the ring- 
current shifted [2] protons at 0.6 ppm in our 500 mHz 
spectrum are barely detectable at 300 mHz. In addition, 
many of the smaller peaks between 1.9 and 2.9 ppm are 
clearly resolved for the first time. The upfield region of 
the spectrum has only two peaks, from the histidines in 
the tails (Table I), and is not shown. 
The spectrum of the histone octamer purified from 
trypsinized nucleosome core particles, also in 2 M 
NaCl, is shown in Fig. 2B. All of the sharp resonances 
that were seen in the control octamer spectrum are ab- 
sent, with only broad lines due to the globular trypsin 
resistant domains still present. In fact, the predominant 
peak in the spectrum is the broad peak at about 0.9 
ppm, which is due to the resonance of the apolar 
residues valine, leucine, and isoleucine. The ring cur- 
rent shifted protons at 0.6 ppm are still clearly visible, 
Both of these features are consistent with the globular, 
folded nature of the trypsin resistant domains. 
If we assume that even short (less than 4 residue) 
‘tails’ would be detectable in the NMR spectrum, then 
we can conclude from Fig. 2B that the trypsin is able to 
trim the histone tails down very close to the surface of 
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Fig. 2. 500 mHz ‘Ii NMR spectra of chicken erythrocyte histone oc- 
tamers. (A) Control octamers. (B) Trypsinized octamers. (C) Dif- 
ference spectrum, A minus B. 
Table I 
Amino acid composition and characteristic ‘H NMR chemical shifts 
of the trypsin sensitive histone tails 
Amino acid % of trypsin 
residue sensitive tailsa 
Lysine 25% 
Alanine 18% 
Glycine I?% 
Arginine llol0 
Serine 6% 
Threonine 6% 
Proline 5% 
GIutamine 4% 
Histidine 2% 
Valine 1% 
Leucine 1% 
Isoleucine 1% 
Glutamic acid lolo 
Aspartic acid 1% 
Characteristic ‘H NMR 
chemical shiftb 
e-CH2, 3.02 ppm 
B-H, 1.39 ppm 
o-H, 3.97 ppm 
KHz, 3.32 ppm 
y-H, 1.23 ppm 
S-H, 3.65 ppm 
&CHZ, 2.38 ppm 
y-CH3, 0.97 ppm 
&CHr, 0.94 ppm 
6-CHJ, 1.19, 0.95 ppm 
* Composition of tails based on sequences of H4(1-lP), H3(1-26 and 
130-135), H2A(i-11 and 119-129) and H2B(l-23) for chicken 
histones from [27] 
b Random coil ‘H chemical shifts from [22]. 
the octamer. Interestingly, the DNA wrapped around 
the octamer in the nucleosome core particle does not 
seem to protect any of the random coil regions of the 
histones from proteolysis. This may indicate that the 
tails originate on a region of the octamer away from the 
surface where the DNA lies. This is consistent with the 
fact that trypsinized nucleosome core particles are ther- 
modynamically stable, and exhibit very few 
biochemical differences with control core particles 
[21,26]. 
Based upon many trypsin digestion studies of 
chromatin, the consensus trypsin sensitive regions of 
the four core histones are: HZA(residues l-11 and 
119-129), H2B(l-23), H3(1-26 and 130-135) and 
H4(1-19) [6]. From the data presented here, we can 
conclude that these are the limits of the mobile tail 
regions as defined by NMR. 
The amino acid composition of the trypsin sensitive 
tails is shown in Table I. In addition, the table shows 
the most characteristic “H NMR chemical shifts for the 
amino acids in the histone tails. The most striking thing 
about the amino acid composition of the tails is that 
over 70% of all the residues in the tails are lysine, 
alanine, glycine, and arginine. The only other abundant 
amino acids are threonine, serine, proline and 
glutamine, which account for another 20% of the tails. 
The difference spectrum of the control octamers 
minus the trypsinized octamers is shown in Fig. 2C. The 
difference spectrum represents the residues which are 
both mobile and trypsin sensitive; and as such, is a 500 
mHz spectrum of the histone tails. The most abundant 
residues in the tails (Table I), are represented by the 
predominant peaks in the difference spectrum. As ex- 
pected the peaks which represent he most apolar amino 
acid residues, (the broad peak at 0.8-1.0 ppm and the 
ring current shifted groups at 0.6 ppm) are effectively 
subtracted out of the control spectrum. 
These results show that based on NMR data there is 
a very clear structural distinction between the tails and 
the globular domains of the histone octamer: the tryp- 
sin sensitive domains contain all of the NMR mobile 
amino acid residues, and the globular domains have 
very little mobility within the time frame of the NMR 
experiment, 
Acknowledgements: This work was supported by grants from the 
Department of Energy (DOE DE-FG03-88ER60673) and the Na- 
tional Institutes of Health (NIH GM-26901). 
REFERENCES 
111 
PI 
[31 
Bradbury, EM., Maclean, N. andMatthews, H.R. (1981) DNA, 
Chromatin, and Chromosomes, Blackwell Scientific Publica- 
tions, Oxford. 
Gary, P.D., Moss, T. and Bradbury, E.M. (1978) Eur. J. 
Biochem. 89, 475-482. 
Moss, T., Gary, P.D., Abercrombie, B.D., Crane-Robinson, C. 
and Bradbury, E.M. (1976) Eur. J. Biochem. 71, 337-350. 
119 
Volume 268, number 1 FEBSL~~ERS July 1990 
[4] Moss, T., Cary, P.D., Crane-Robinson, C. and Bradbury, E.M. 
(1976) Biochemistry 15, 2261-2267. 
[5] Lilley, D.M.J., Pardon, J.F. and Richards, B.M. (1977) 
Biochemistry 16, 2853-2860. 
16) Bohm, L. and Crane-Robinson, C. (1984) Biosci. Rep. 4, 
365-386. 
[7] Braddock, G.W., Baldwin, J.P. and Bradbury, E.M. (1981) 
Biopolymers 20, 327-343. 
[8] Bradbury, E.M. and Baldwin, J.P. (1986) in: Supramolecular 
Structure and Function (Pifat-Mrztjak, G. ed.) pp. 63-92, 
Springer-Verlag, Berlin. 
[P] Richmond, T.J., Finch, J.T., Rushton, B., Rhodes, D. and 
Kfug, A. (1984) Nature 311, 532-537. 
[IO] Uberbacher, E.C. and Bunick, G.J. (1989) J. Biomoi. Struct. 
Dyn. 7(l), 1-18. 
[ll] Matthews, H.R. and Waterborg, J.H. (1985) in: The En- 
zymology of Post-translational Modifications of Proteins, vol. 2 
(Freedman, R. and Hawkens, H.C. eds.) pp. 125-185, Academic 
Press, London. 
[12] Allegra, P., Sterner, R., Clayton, D.F. and Allfrey, V.G. (1987) 
J. Mol. Biol. 196, 379-388. 
[13] Hebbes, T.R., Thorne, A.W., Crane-Robinson, C. (1988) EM- 
BO J. 7, 1395-1402. 
1141 Waterborg, J.H. and Matthews, H.R. (1984) Eur. J. Biochem. 
142, 329-335. 
[IS] R~anathan, B. and Smerdon, M.J. (1986) Carcinogenesis 7, 
1087-1094. 
[16] Gatewood, J.M., Cook, G.R., Balhorn, R., Bradbury, E.M. 
and Schmid, C.W. (1988) Science 236, 962-964. 
[17] Imai, B.S., Yau, P., Baldwin, J.P., Ibel, K., May, R.P. and 
Bradbury, E.M. (1986) J. Biol. Chem. 261, 8784-8792. 
[18] Oliva, R., Bazette-Jones, D.P., Mezquita, C. and Dixon, G.H. 
(1988) J. Biol. Chem. 262, 17016-17025. 
[19] Wood, M.J., Yau, P., Imai, B.S., Godefrey, J., Moudrianakis, 
EN., Baldwin, J.P. and Bradbury, EM. (1990) J. Biol. Chem. 
(submitted) 
1201 McCarthy, M.P., Steffen, PK., Allewell, N.M., Benedict, 
RX., Moudr~anakis, E.N. and Ackers, G.K. (1984) 
Biochemistry 23, X227-2230. 
]21] Ausio, J., Dong, F. and van Holde, K.E. (1989) J. Mol. Biol. 
206,451-463. 
(221 Wuthrich, K. (1986) NMR of Proteins and Nucleic Acids, John 
Wiley and Sons, New York. 
[23] Lilley, D.M.J., Howarth, O.W., Clark, V.M., Pardon, J.F. and 
Richards, B.M. (1976) FEBS Lett. 62, 7-10. 
1241 Hilliard, P.R., Smith, R.M. and Rill, R.L. (1986) J. Biol. Chem. 
261, 5992-5998. 
[25] Walker, 1.0. (1984) Biochemistry 23, 5622-5628. 
[26] Whitlock, J.P. and Stein, A. (1978) J. Biol. Chem. 253, 
38.57-3861. 
]27] von Hott, C., Brandt, W.F., Greyling, H.J., Lindsey, G.G., 
Retief, J.D., Rodrigues, J. de A., Schager, S. and Sewell, B.T. 
(1989) in: Nucleosomes, Methods in Enzymofogy, vol. 170, 
(Wassarman, P.M. and Kornberg, R.D. eds) pp. 431-523, 
Academic Press, San Diego. 
120 
